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Significant differences in the ratio between the He-like carbon triplet lines 1s2s 3S-1s2p *P, (2271.59
A) and 1s2p3S,-1s2p 3P, (2278.41 A) have been observed in line of sight measurements across the 7J-I
tokamak. Such variations, which deviate from the 2 P level statistical ratios, have not been reported for
this line ratio in similar fusion plasmas. We show that such differences can be explained by charge ex-
change, involving collisions between H-like carbon ions and neutral hydrogen atoms, while ruling out
excitation and deexcitation by electron collisions and line blending effects. Finally we discuss similar
transitions in other low Z ions and propose monitoring these variations as a spectroscopic tool for es-

timating relative neutral concentrations in plasmas.

PACS number(s): 52.70.Kz, 34.70.+e, 34.80.Dp

I. INTRODUCTION

This work is prompted by the need to understand
significant variations in the ratio of the intensities of the
important He-like carbon (Cv) triplet emission lines
1525 °S,~1s2p *P, o | with wavelengths 2271.59, 2277.97,
and 2278.63 A [1], which were observed in line of sight
measurements across the 7J-I tokamak plasma. The
emissions, which are the result of the radiative decay of
the triplet 2 3P levels, are widely used in studies of many
He-like low Z ions [2,3], while information on the elec-
tron temperature and density of both astrophysical and
laboratory plasmas is generally ascertained by measure-
ment of the intensity ratios of these and other associated
transitions [4,5]. While similar anomalies have not been
reported previously for these line ratios, one reason being
that such observations are generally not spatially resolved
[6], it is interesting to note that significant variations
have been observed in the ratios of lines that emanate
from the same 2 3P levels. For instance, variations have
been reported in the ratio of the intercombination lines
1s21Sy-1s2p *P, | of both He-like sulfur (SXV) and He-
like chlorine (ClIXVI) in measurements across the
Alcator-C tokamak [7]. In addition, significant varia-
tions have also been seen in the G ratio (i.e., intercom-
bination to resonance line ratio) of spatially resolved Cv
line emissions taken across the Tore Supra tokamak [8].
Since these tokamaks are similar in many respects to the
TJ-I tokamak, there is reason to believe that there exists
a common source for these anomalies.

From the literature, several candidates have been
found that might account for these variations. The first
and most obvious is contamination of the lines by emis-
sions from other ion species in the plasma. Systematic
checks through the standard reference tables [9,10] show
that no other low Z lines are within 0.5 A of the carbon
triplet lines. In a paper on hot 6-pinch plasmas,
Engelhardt, Koppendorfer, and Sommer [11] report
significant variations in the ratios of the same transitions
in He-like oxygen (O vi1). They show how competing ra-
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diative decays and electron excitations to the excited lev-
els can combine to give rise to such variations, but when
their model is extrapolated to the lower electron densities
of the TJ-I experiment, typically less than 5X 103 cm 3,
the CV line ratios are constant across the plasma and in
accordance with the statistical weights of the various lev-
els. Chung, Lemaire, and Suckewer [12] hypothesize that
the spontaneous emission coefficients are not constant for
levels but can change with electron density. However,
for such a change to occur in any of the CV 2P level
spontaneous emission coefficients, the electron density
should be from several to many orders of magnitude
greater than those experienced here. The other candidate
considered is charge exchange (CX) [13], where electrons,
which are state selectively captured by multiply charged
impurity ions during collisions with neutral atoms, decay
to selectively populate lower levels. Despite the low con-
centration of neutral atoms found in fusion plasmas, we
believe that CX can compete with electron collisions,
which populate the 2 3P levels according to their statisti-
cal weights, to create a nonstatistical population distribu-
tion among these levels. This is because the cross sec-
tions for CX, which can be of the order 10~ 1° cm?, are
much larger than those of other atomic collision process-
es. Using equations developed to include CX contribu-
tions, we model the 2 3P line emissions and compare mod-
el results for Cv with measured results to demonstrate
that CX between neutral atoms and H-like carbon (C vI)
ions has caused the anomalies observed.

II. EXPERIMENTAL APPROACH

The measurements reported here were made on the
TJ-I tokamak. The TJ-I plasma has a major radius of 30
cm and a minor radius of 10 cm. The machine was
operated for this experiment with plasma currents
around 40 kA, a toroidal field of 1.2 T, and line averaged
electron densities between 2 and 2.5X10'* cm™3. The
machine is described in more detail by Zurro et al. [14].
Line of sight UV measurements through ohmically heat-
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ed discharges were made between 2250 and 2310 A by us-
ing a 1 m focal length monochromator with spatial and
temporal resolution capabilities. The spectra were
recorded by using a commercial multichannel intensified
detector with 700 active pixels mounted at the mono-
chromator focal plane. With the detector operating in
gated mode, line emissions were integrated for 4—6 ms,
this period being centered about the peak of the
discharge. Optical access to the entire plasma was possi-
ble by using a rectangular quartz window on the
machine. The light from the plasma was rotated through
90° by a set of three mirrors positioned close to the win-
dow. This light was then focused onto the monochroma-
tor slit (5X0.1 mm?) by a lens. A standard lamp was
used for calibration and alignment. Rotation of the mir-
ror closest to the quartz window was controlled electroni-
cally, allowing the optical line of sight through the plas-
ma to be varied on a shot to shot basis. This mirror was
replaced by a fast rotating polygonal prisms to obtain
line-integrated emission profiles. A personal computer
was used to control the detector and to store data files.
Postexperimental data processing and analysis were done
on Vax and Macintosh computers.

A. Results

In Fig. 1, we show one of a series of line of sight raw
spectra collected during one of several sets of 7J-I
discharges. It shows that the C v emission lines, centered
at 2271.59 and at 2278.41 A, are clear of contamination
lines, except for the Be-like carbon (C1ID) line at 2296.9
A. Despite the use of a hlgh resolution monochromator,
the closely spaced CV emission lines at 2277.97 A (from
23P,) and at 2278.63 A (from 23P,) are not resolved. In
Fig. 2(a), the variation in the intensity of the 2271.59 A
line (from 2°3P,) across the plasma minor radius, with
background subtracted, is shown for one complete set of
discharges. These data were later used to determine the
distribution of CV in the plasma. Note that the line of
sight view was typically 1.5 cm.

In Fig. 2(b), the ratio of the line intensities
R =1I(2271.59 A)/1(2278.41 A) shows significant varia-
tions across the plasma radius. The most dramatic is the
sharp rise in R moving inward from the plasma edge,
which is followed by a slow drop continuing to the
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FIG. 1. Raw spectral data for a line of sight measurement

through the 7J-I plasma.
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FIG. 2. (a) The 2271.59 A line intensity and (b) the intensity
ratio R of the 2271.59 A and 2278.41 A lines across the TJ-I
plasma radius r for a series of discharges. The points are mea-
sured data and the curves are model results. The nonzero value
at radius 10.4 cm in (a) is due to line of sight geometry.

center. These variations are much greater than the ex-
perimental errors, while R is significantly larger, except
at the edge, than R =1.67, predicted by extrapolating to
the TJ-I conditions the formulas developed by
Engelhardt et al. [11]. It is these variations together
with similar variations seen in the other sets of discharges
that are the basis of our studies here. In the following
sections we review the physics involved in these line emis-
sions and develop equations that are incorporated into a
model to reproduce the results shown here.

ITII. DISCUSSION

Before discussing charge exchange and its role in popu-
lating the n =2 triplet levels, it is useful to review the
other populating and depopulating mechanisms of low Z
He-like ions. Although He-like ions exhibit a singlet and
triplet term structure and line emissions over a wide
range of wavelengths, it is the fine structure of the triplet
manifolds 2 3P level and the associated radiative transi-
tions shown in Fig. 3 that are of prime interest. The
main decay mechanisms for these levels is via allowed E'1
radiation to the metastable 23S, level, and since the
differences in energy between these 2 3P levels are very
small (for carbon, AE is 135.9 cm ™! between 2P, and
2°P, and 123.3 cm™ ! between 2°3P, and 2°P, [1]), the
lines from these transitions are often difficult to resolve.
The spontaneous emission coefficient rates A,,,, which
are now well established for these decays, are also similar
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FIG. 3. Denotation of levels and transitions in CV. Cy, C,y,
and C, refer to rate coefficients for excitations 1s .S-2p P,
238,-2p 3P, and 2p *P-2s'S and —2p 'P; R, to rates for cas-
cades; X to ionizing collision rates; Cy,, to deexcitation rates
for 2p *P-253S,; and A,,, and A4, to transition probabilities
for 2p 3P, —2s3S, and for 2p *P, - 1s !S.

[3]. In contrast these levels decay to the atomic ground
state 1S, by completely different modes, the 2P, state
by m2 radiation, the 2 3P1 state by spin-forbidden E1 ra-
diation, and the 2 3P, state by two or three photon radia-
tion. The first and last of these transition modes are too
slow to compete in the depopulation process, while the
second, which is compatible with the rates to 23S 1, com-
petes to depopulate the 2 3P, level [3]. It is shown later
that consideration of this decay route is not sufficient to
explain the anomalies seen. Finally, several other pro-
cesses also depopulate the 2 3P levels. These include col-
lisional deexcitation to the 23S, level C,,,, ionizing col-
lisions X, electron collisional excitations to higher states
(predominantly into the 3D level), and spin exchange to
the 2'P, level C,,. Their cross sections are generally
much less than for other processes, but they are included
here for completeness.

In contrast, the main population mechanism for these
levels is electron collisional excitation from the ground
1 lSO state Cg,. According to Percival and Seaton [15],
collisional excitation processes populate the 2 P levels in
accordance with the statistical weights of the upper lev-
els, i.e., 5 to 3 to 1 for 23P,, 23P,, and 23P,. Note that
electron induced collisional transitions between these fine
structures can be neglected in any population models, as
shown by Doyle [16]. The other processes normally con-
sidered to populate these levels are electron collisional ex-
citation from the metastable 23S, level C,,; and cascades
from higher triplet levels R, . Of all these, only cascades
do not populate the levels in accordance with the ratios
above [17]. In plasmas such as the 7J-I plasma, where
electron densities and temperatures are low, cascades due
to electronic excitation of upper levels are generally
weak, while those due to charge exchange have previous-
ly not been considered of importance in populating the
23P levels. We now briefly describe charge exchange be-
fore developing equations to estimate the populations of
the levels.
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A. Charge exchange

Much work has been done to date on CX processes in
plasmas involving collisions over a wide range of energies
and between many species of highly stripped ions and
neutral atoms and molecules. These studies are of great
interest for plasma diagnostics because CX provides a
means to detect, through charge exchange recombination
spectroscopy, bare nuclei of low Z ions in the hot plasma
center. Generally neutral hydrogen heating and diagnos-
tic beams are used to excite the diagnostic spectral lines,
but CX interactions involving the neutral hydrogen
atoms that continuously recycle from the plasma edge
can also excite such lines [18]. This is because these neu-
tral hydrogen atoms can penetrate to the hot plasma
center by diffusion from the edges through successive
charge transfers with the working gas ions. As a result
their densities can be from 108 to 10!° cm ™3 at the plasma
center, which are two to three orders of magnitude lower
than at the periphery. Since neither diagnostic nor heat-
ing beams were used in our experiments, it is CX involv-
ing slow collisions between these recycling hydrogen
atoms and H-like carbon ions that are of most interest.

This collision process is described by

CtT+H-C*(n,)+HT+AE , (1)

where (n,]) is the capture state for the electron and AE is
the excess energy. Those electrons captured by different /
levels of high n states in the triplet manifold of the He-
like ions cascade rapidly through the lower levels and
states to the metastable level. Since electrons are cap-
tured into n >2 states and certain interlevel transitions
are forbidden, cascades from some levels decay only
through the 2 3P, level and not the 2 3P, level [17]. Un-
der favorable conditions, for example, when the neutral
density is high enough, the resultant population in the
23P, level can be greater than that in either of the other
two 2 3P levels, thus giving rise to changes in the 2 3P lev-
el emission line ratios. In the following section these ar-
guments are expanded upon, and equations that include
the charge exchange process are developed to estimate
the steady state populations in each of the 2 3P levels.

B. Level populations

The arguments and equations outlined here could in
theory be applied to a range of low Z He-like ions, from
B to Ne, but to avoid complicating the text we concen-
trate on the case of He-like carbon. In addition, for sim-
plicity, several reasonable and well supported assump-
tions and approximations are made throughout the text.
In an optically transparent plasma, the line intensity of a
transition from one of the 2 3P levels, k, to the metastable
level, m, can be expressed as I, = A, ny (cm™3s™ 1),
where A,,, is the decay rate to the metastable. For low
Z He-like ions, A,,, are almost equal for the three 2P
levels [3,19], so the ratios of the line intensities I;,, can be
expressed in terms of n,, the k level steady state popula-
tion. That is to say, variations in intensity are directly at-
tributable to variations in level populations. To deter-
mine #n, it is necessary to consider that the plasma is in a
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steady state, i.e., dn;/dt =0 for all levels, where the pop-
ulation n; of any level j of the ion can be expressed in
terms of its principal population and depopulation rates.

Many authors have described such equations, but we
use the equation given by Keenan [5] as the basis for our
work. It is modified here to include the level statistical
weights, which is reasonable since electron collisions pop-
ulate each level according to the upper level statistical
weight, and to account for cascades from higher levels.
Thus the steady state population n; in the 2P, level is
given as

n
w [N, 3 n;Cy | Ry
=1
np= i : n ’ (2)
2 Akj+Ne 2 ij
ji=1 j=1

where w is the k level statistical weight, Cj; and Cy; are
the electron collisional rates into and out of the k level,
Ay; is the radiative rate out of the same, N, is the plasma
local electron density, n; is the j level population, and R
is the cascade rate into the k level from higher levels.
When this equation is applied to 7J-I —like plasmas, elec-
tronic collisions into the 2 3P levels from the ground and
metastable levels are included and the R, term is split
into two parts: Rj to account for cascade from dielectric
and radiative recombination of the hydrogen-like ion and
NoN,o .V, to include those electrons that are captured
during CX and decay through the 2 3P levels. Here N is
the plasma local neutral density (cm™3), N » 1s the H-like
ion local density (cm ~3), o, is the k level cascade correct-
ed emission cross section for CX (cm?), and V, is the rela-
tive ion-neutral collision velocity (cms™!). Finally, cas-
cades that originate as electron excitations into states
n =3 and 4 are considered minimal and are neglected.
Therefore the steady state population in each k level is es-
timated, for the local electron temperature, by using

3[N.(n,Cpr+n,,C,5)]+R5 +NoN,o,V,

A2m +Ne 2 C2j
j=1
for k=2, (3)
- %[Ne(ngCgl—f-nmle)]-%-R’l“ +NoN,yo,V,
1.“ n
A1m+A1g+Ne 2 Clj
j=1
for k=1, @4)
- [N (ngCpo+n,,C,0)]+R5 +NoN,o,V,
0=

n
AOm +Ne 2 COj
j=1

for k=0, (5)

where w;, =3, 2, and { for 2°P,, 2°P,, and 2°P;; and
Ay, and A, are the radiative rates for transitions
2°8,-2°P,,, and 1'S,-2°P,. The terms n, and n,,

the absolute He-like ion ground and metastable popula-
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tions (cm™3), can be determined by considering all rates
into and out of the triplet states, as described by Bren-
ning for helium [20]. Although estimates show that this
metastable population 7, is everywhere less than 10™* ng
in the TJ-I plasma, it is still included because excitation
rates from this level are several orders of magnitude
larger than those from the ground state. Therefore to es-
timate n,, all terms on the right-hand sides of Egs. (3) to
(5) are required. For the moment it is assumed that all
ion and neutral densities are well known, so the only un-
knowns are the CX rate coefficients o, V,, since the C

and A rates are widely available for low Z He-like ions.

C. Charge exchange partial cross sections

In order to determine separate rates for populating the
23P levels by cascades of electrons captured by CX, reli-
able I-level capture cross sections are needed, as well as
knowledge of the branching ratios between intermediate /
levels of the triplet manifold. Although total electron-
capture cross sections are well established for low energy
collisions of H-like ions with neutral hydrogen [21], ex-
perimental results on the n-state and I-level partial cap-
ture cross sections are scarce. For instance, in the case of
Cvi, Kimura et al. [22] show that the most likely cap-
ture state in CV is n =4, and not n =3 as predicted by
the classical model n =Z%7, where Z is the charge on
the ion [23]. Shimakura et al. [24] estimate the partial
cross sections of CVI for energies from meV’s to keV’s
per amu using quantum-mechanical and semiclassical
molecular-orbital methods. They predict that the dom-
inant capture channels in the triplet manifold of CV are
(1s4p), (1s4d), and (1s3p) above 0.1 keV/amu, while
below this (1s4s), (1s4p), and (1s4d) are dominant, with
the capture cross section for (1s4s) at least an order of
magnitude larger than that for the other two levels. To
date the partial cross sections for low energy collisions
have not been substantiated by measurements, so reliance
here is placed on the theoretical estimates. However,
their values for total CX cross sections are in good agree-
ment with the measurements of Phaneuf et al. [21].

While cross sections provide the populations of a given
level by direct charge exchange events, the cascade pro-
cess that follows electron capture can be significantly
affected by the plasma environment. Although ionization
from excited states tends to be unimportant for a
tokamak plasma, processes that can be significant are /
mixing in upper states due to collisions and to the
motional Stark effect. Applying curves produced by
Fonck, Darrow, and Jaehnig [25] to 7J-I conditions,
where N, <5X 103 cm ™3 and the magnetic field is 1.2 T,
we predict that these I[-mixing processes are only
significant for n states greater than 5 for carbon and 6 for
oxygen. Since direct capture into n states greater than 5
is negligible for these ions, this effect can be neglected
here [24]. Also direct capture cross sections for 23S and
2 3P are negligible, so by following the procedure outlined
by Fonck, Darrow, and Jaehnig [25], the cascade correct-
ed emission cross sections o, for the 2 3P levels are es-
timated by using
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0,=0(3s5)+0.550(3d)+0.550(4s)

+0.210(4p)+0.430(4d)+0.550(4f) , (6)
0,=0.330(3d)+0.0230(4p)

+0.260(4d)+0.330(4f) , (7)
00=0.110(3d)+0.0080(4p)

+0.090(4d)+0.110(4f) . (8)

Here the partial cross sections for the triplet manifold,
denoted by o(3s) etc., are found in Shimakura et al. [24]
and the branching ratios are by Surard et al. [17]. The
semiclassical partial cross sections therein apply to col-
lisions with energies above 10 eV/amu. Partial cross sec-
tions below this are estimated using quantum-mechanical
total cross sections and the relative magnitudes of the
cross sections at 10 eV/amu. Applying the values in
Table I to Egs. (3)—(5), we can see that the 2 °P, level can
be favorably populated at the expense of the other levels.
This is because the An =2 transitions from the then dom-
inant electron-capture level 4s S populate only the 2 P,
level, while transitions from 4d 3D populate the three
triplet levels according to their statistical weights [17].
In addition, cascades from 4p 3P, which decay via the
3s 3S level, populate only the 2 3P, level, while cascades
from 4p P and 4f °F via the 3d 3D level populate the
2 3P2y0,1 levels, again according to their statistical
weights. The argument is further strengthened when the
CX emission rates for the 2 3P, level in Table II are com-
pared with, and found to be equal to or greater than,
those for the 23P; and 2 °P, levels and the electronic ex-
citation rates from the ground and metastable states of
CV [26]. Also, when these rates are compared with those
for dielectronic and radiative recombination from C VI, it
is seen that cascades originating from the recombination
processes are several orders of magnitude less than those
from CX [27,28]. Thus in Egs. (3)-(5), the terms R} can
be dropped. Having determined that CX can compete
with electron excitation, it is interesting to note how the
population ratios of the 23P levels can change under
different conditions. In the first instance, when
N [n,Cy+n, C,1>NoN,o, V,, the only process to
work against a statistical distribution among the 2 *P lev-
els is Ai,. In contrast, when CX dominates, the ratio
ny/n, approaches 1.50,/0,, while n,/(n,+ng,) ap-

TABLE I. Estimated cascade corrected emission cross sec-
tions, o, (107'° cm?), for the He-like carbon 2P, levels in
collisions between H-like carbon ions and neutral hydrogen
atoms.

Collision strength

(eV/amu) o, oy oo
1 3.1 0.123 0.042
5 2.9 0.122 0.042
10 2.5 0.12 0.041
15 2.2 0.12 0.041
25 1.92 0.124 0.043
100 1.15 0.14 0.046
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TABLE II. Estimated emission rates, 8, XV, (10" 8 cm®s™!),
for the 23P2,0,1 levels of He-like carbon in collisions between
H-like carbon and neural hydrogen in the 7J-1.

Collision strength

eV/amu 5, XV, 5 XV, 8o XV,
1 1.55 0.061 0.021
5 1.55 0.065 0.023
10 1.45 0.07 0.024
15 1.36 0.074 0.026
25 1.33 0.086 0.03
100 1.26 0.153 0.051

proaches 0,/(0.670,+0). After showing that the pop-
ulation distribution among levels can vary over a wide
range, it remains to be seen if this gives rise to the
anomalies observed. In the next section a model is de-
scribed that incorporates CX and re-creates the results
obtained.

IV. APPLICATION OF MODEL

The model outlined here, which is based on Egs.
(3)=(5), has been developed to simulate the line of sight
measurements through the 7J-I plasma. In order to
avoid extensive numerical calculations when estimating
the relative intensities of the 23S, -2°P, , | emission lines
in the model, the plasma was partitioned into many nar-
row and discrete circular concentric shells, and within
each the plasma electron temperature and density were
assumed constant. The profiles used here for these pa-
rameters are shown in Fig. 4 [29]. The CV distribution in
each shell was determined from the measured 2271.59 A
line intensities shown in Fig. 2(a). The ground state and
metastable populations, n, and n,, were estimated by
considering the excitation, deexcitation, and ionization
rates into and out of the triplet manifold [20]. The rate
coefficients used are based on Maxwellian-type electron
collision coefficient curves from Itikawa et al. [26] and
on Maxwellian based equations described by Engelhardt,
Koppendorfer, and Sommer [11]. For charge exchange,

350 3.5
300 F d30
r -
250 F .
< . 425 =
- b o
2 200 P
o - (9]
- F -4 2.0 3
150 r v&)
100 F 115
50 L 1.0

0 2 4 6 8 10
Distance from plasma center r (cm)

FIG. 4. Electron density and temperature profiles used in
modeling 7J-I line of sight measurements. The curves are
based on standard 7J-I profiles [29], which have been scaled us-
ing an experimental line averaged electron density measurement
through the plasma center, i.e., 2—2.5X 10" cm >.
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the cascade corrected emission cross sections o, were es-
timated by using Eqgs. (6)-(8). A constant temperature
was assumed for the C VI ions (150 eV), even though the
impurity temperature varies throughout the plasma. A
fixed value can be used, since CX cross sections are al-
most constant for the range of C VI temperatures experi-
enced in the 7J-I, typically 100-200 eV [14]. A fixed
value for the neutral temperature (25 eV) was also as-
sumed throughout when using the standard ion thermal
velocity formula to estimate the relative collision veloci-
ties V,. The neutral hydrogen profile used was based on
edge source distributions from similar tokamaks [13].
The profile was scaled using a central neutral density
value typical of the TJ-I and of a similar machine [14,30],
i.e., 3 to 6X10° cm 3. This profile was then combined
with a profile for C vi, which was best guessed in the first
instance but altered, after several iterations of the model,
by repeated modification to best fit the modeled R curves
to measured data. Finally, using these parameters, the
23P level populations n; were estimated for each shell in
the model using Egs. (3)-(5).

With the plasma parameters determined, the model
continues by summing the 23P level populations along
each line of sight path through the plasma. Starting at
the plasma center and continuing to the plasma edge, the
n, populations for each 23P level were summed for
equispaced paths according to 3 n,Az, where Az is the
length of shell intersected by the path. In reality this
path has a width 1.5 cm, and so summations were made
and averaged along three separate paths within this
width. The intensities for each line of sight were deter-
mined using A,,, Sn,Az and were used to create the
curves shown in Fig. 2. Note that, as stated before, the
curve for the ratio R in Fig. 2(b) was achieved by repeat-
ed corrections to the CVI and neutral hydrogen radial
profile until a good fit to the data was obtained. The
resultant radial profile is shown in Fig. 5. It should be
noted here that, while N, 3 C; << 4, in Egs. (3)-(5),
the ratio n,/(n,+n,) can be determined using only the
relative concentrations of the participating species. Thus
relative concentrations can be used in Fig. 5. To deter-
mine if the CVvI to CV ratio in Fig. 5 is reasonable, we

1 6x10*

. r 45
S 0.8 oZ
z, 0.6 : 14 =
o . =
p=4 L 13 —
Z 04 f o2
=z 12 a?f
=° [ e

0.2 | 14

o ST S ST U [N ST N T NN SR ST AN (U VU SN SN SN S TN N S O

) 2 4 6 8 10 12

Distance from the plasma center r (cm)

FIG. 5. Distribution of N,/N,, and N, /N, across the TJ-I
plasma radius relative to N,N,, at r=0. Here N,, refers to
(ng+n,,).
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use the central electron and neutral hydrogen concentra-
tions to make an estimation. At first this ratio, which is
between 1 and 2.5, would appear to be in disagreement
with the carbon corona model of Breton, Michelis, and
Mattioli [31]. However, their model did not include
charge exchange recombination, which can significantly
increase the relative CV to C VI concentration [32]. This
ratio also appears to be reasonable across the plasma,
thus supporting the proposition that CX is the mecha-
nism responsible for the anomalies seen. This hypothesis
is in agreement with that of both Kallne, Killne, and
Pradhan [7] and Hess et al. [8]. Finally, when H-like ion
concentration profiles are available, it is apparent that the
neutral hydrogen atom concentrations could then be
determined using the equations and the model described.

A. Sensitivity

While the sensitivity of the technique proposed may be
ultimately dependent on good diagnostic techniques and
on knowledge of the distribution profiles of the other
plasma constituents, it is useful to make some estimates
about the lowest neutral densities that might cause varia-
tions in the line ratios. Since the line intensities are
directly related to the 2 3P level populations, it is reason-
able to compare the populations among these levels.
Thus, using the equations developed here, local 2 *P level
population distributions are shown in Fig. 6 for a range
of neutral concentrations as a function of the plasma lo-
cal electron temperature. A constant electron density is
used, i.e., 1 X 10" cm?, while the Cv and C VI densities
are assumed to be equal throughout. The first approxi-
mation is good since this value is representative of the
electron density in many plasma, although in normal
plasmas it falls toward the edge. The second is made for
convenience, but it may not be unreasonable, especially in
the plasma center where CX recombination effects can in-
crease the CV concentration. Therefore, it can be in-
ferred from these curves, within reason, that in the 7J-1
center the population distribution among the 2 3P levels is
altered significantly when the local neutral atom density
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FIG. 6. The population distribution among the 2 *P levels in
He-like carbon across the 7J-I plasma radius r as a function of
neutral hydrogen concentration. The curves represent different
neutral hydrogen concentrations (cm ) as indicated. Note that
the electron density N, and the Cv and C VI concentrations are
constant throughout.
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N, is greater than 10® cm™>. It should be noted, howev-
er, that Fig. 6 is slightly misleading for the plasma edge,
where the concentration of CV is generally much larger
than that of Cvi. Thus the population distribution may
be several orders of magnitude less sensitive there to neu-
tral atoms than indicated here.

B. Other low Z He-like ions

The equations and model developed here could also be
used to study similar transitions in other low Z He-like
ions. While electron partial-capture cross sections for
neutral hydrogen collisions have still to be determined for
collisions with all the low Z ions, i.e., from B to Ne, some
indications can be had from the data available. For in-
stance, in the case of He-like boron (B1V), Shimakura,
Suzuki, and Kimura [33] estimate that in the triplet man-
ifold the 3p 3P and 3d *D levels have the largest electron-
capture cross sections. Since these levels cascade to pop-
ulate the 2 3P2,o,1 levels according to their statistical
weights, it is probable that the line emissions from these
levels may be insensitive to the CX process and thus to
neutral hydrogen concentrations. In contrast, the 4p 3P,
4d 3D, and 4f 3F levels and the 5p >P level are the dom-
inant capture levels in He-like nitrogen (N vI) and oxygen
(O vi) [22]. Since their total capture cross sections are of
the order 10~ '° cm? [34], while branching ratios and de-
cay routes indicate that the 2 3P2 level may be favorably
populated at the expense of the other 2P levels, it ap-
pears that these 2 3P line emissions should be sensitive to
the CX process and to neutral hydrogen concentrations,
especially where electron temperatures may be several
hundreds of electron volts. In the case of He-like neon
(Ne1X), work to date has indicated that the singlet 6p 'P
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level is the dominant capture level [22]. It may therefore
be assumed that in the triplet manifold the 6p *P level is
dominant, as also predicted by n =Z 073 thereby adding
to the number of low Z ions whose 2 3P line emissions
may be sensitive to neutral hydrogen atoms in plasmas.
Finally, although variations have been seen in line ratios
of Sxv and ClxvI [7] it may be difficult to establish if
CX is the mechanism responsible for these anomalies un-
til electron partial-capture cross sections become avail-
able for H-like sulfur and chlorine.

V. CONCLUDING REMARKS

We have shown that the process of charge exchange
between H-like carbon ions and neutral hydrogen atoms,
where electrons captured by high n states can selectively
decay to one of the 2 3P levels of the He-like carbon ion,
can compete with plasma electron excitation processes to
create a nonstatistical population among the 2 3P levels.
Having established, by use of equations and a model, that
this process is responsible for the variations in the ratios
of the 23P line intensities, we have proposed monitoring
these emission lines as a means to estimate the concentra-
tion of neutral hydrogen atoms in plasmas. Finally, we
extended the discussion to other low Z He-like ions and
concluded that variations in the intensity ratios may be
seen in the triplet line emissions of such ions.
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